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We aim to explain the nature of neutrinos using Peccei-Quinn symmetry. We discuss two
simple scenarios, one based on a type-II Dirac seesaw and the other in a one-loop neutrino
mass generation, which solve the strong CP problem and naturally lead to Dirac neutrinos.
In the first setup latest neutrino mass limit gives rise to axion which is in the reach of
conventional searches. Moreover, we have both axion as well as WIMP dark mater for our
second set up.
1. INTRODUCTION
Over the past few decades there has been remarkable progress in the field of particle physics.
The discovery of neutrino oscillations [1] provides a major milestone to understand some intriguing
aspects of neutrinos, which clarify the fact that neutrinos possess non-zero mass and their different
flavors are mixed. Apart from these, various observed phenomena provide some hints for the
existence of a non-baryonic form of matter, known as dark matter [2], in the Universe. Both
of these issues are the most serious drawbacks of the Standard Model (SM) of particle physics.
Thus, they provide a clear evidence of new physics beyond the SM. Besides these, the SM also
fails on shedding light on the strong CP problem of QCD, suggested by an experimental bound of
the electric dipole moment of a neutron [3]. Peccei-Quinn (PQ) [4] symmetry has been the most
appreciated approach to explain the strong CP problem. The PQ symmetry predicts the existence
of the associated pseudo-Nambu-Goldstone (pNG) boson, the axion [5, 6] which can be a good
cold dark matter candidate [7–10]. Another puzzling challenge in the neutrino sector is whether
neutrinos are Dirac or Majorana particles. Despite the ongoing experimental effort on the search
for the neutrinoless double beta decay [11], which if observed will indicate the Majorana nature of
neutrinos [12], no signal of this process has been detected. Connecting these seemingly unrelated
puzzles with the smallness of the neutrino masses is the scope of the present manuscript.
Axion models are mainly categorized into two classes, depending on whether quarks are charged
under PQ symmetry or not, namely, DFSZ [13, 14] and KSVZ [15, 16]. In axion models, where
quarks carry PQ charge, one needs two Higgs doubletsHu andHd both charged under PQ symmetry
in such a way that they couple to the PQ field σ (singlet under the SM gauge group). There are
two possibilities for such a coupling, namely it can be trilinear or quartic. When the coupling is
quartic, the spontaneous breaking of the Peccei-Quinn symmetry can be connected to the breaking
of lepton number by two units [17, 18] leading to Majorana neutrinos [19].
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2Recently, it has been shown that in a specific DFSZ axion scenario that neutrinos can only
be Dirac particles [20]. In order to explain the small (effective) neutrino Yukawa coupling, the
tree-level coupling with the Higgs is forbidden by means of the PQ symmetry and allowed at
the dimension-5 level. The PQ field plays a role in generating the Dirac neutrino mass which is
proportional to the PQ breaking scale. In [20] the Dirac neutrino masses were generated through a
type-I Dirac seesaw. Scenarios where the neutrino mass mechanism and the PQ symmetry breaking
are related has attracted attention1, both in the Majorana [24–30] and Dirac [31–34] frameworks.
In this work, we continue with the same approach by giving two different ways for naturally
generating small Dirac neutrino masses. In the first case, we extend the idea by using a type-II
seesaw with exactly the same PQ charges for the RH neutrino and by including an extra Higgs
doublet to give the small Dirac neutrino masses. An explanation of the small Dirac neutrino masses
within the DFSZ axion model has been pointed in [31] for type - I, II, and III seesaw framework.
It is worthwhile to point out here that they have considered quartic coupling which is responsible
to generate the Dirac neutrino masses, whereas our focus is on trilinear coupling to explain the
same within the type - II seesaw model. Moreover, quartic coupling between Higges and axion
has also been considered by the authors, while we concentrate on the trilinear coupling, which is
crucial to demonstrate the Diracness of neutrinos. Recently, Ref. [32] has also explained the Dirac
neutrino masses considering both the DFSZ and KSVZ class of models within the type-II Dirac
seesaw formalism. However, the major difference lies in the choices of PQ-charges of Refs. [31, 32],
which help us to show that even at the nth order one can not construct U(1)PQ invariant Majorana
neutrino mass terms, hence neutrinos must be Dirac in nature. Another option we explore is to
generate neutrino masses at one loop level 2. In the second case, we kept exactly the same PQ
charges for the right-handed (RH) neutrino as well as for the Higgs doublets Hu and Hd as discussed
in [20]. Moreover, to serve our purpose, we also include SM singlets NR, NL, ζ with different PQ
charges and an extra SM doublet ηu (see Table IV for details).
Authors of Ref. [33] have studied the Dirac neutrino masses generated at one-loop level within
the PQ symmetric model by using charged leptons and charged extra scalars. It is to be noted
that Ref. [34] has discussed the generation of the Dirac neutrino mass at one-loop level within the
framework of scotogenic model in the context of KSVZ [15, 16]. In both the cases the Diracness
of neutrinos is guaranteed by Lepton number itself and not by the PQ symmetry as pointed out
here. In our study, in both frameworks, we show how it leads to a novel class of minimal axion
models that effectively imply Dirac neutrinos.
2. FRAMEWORK
It has been pointed out in [20] that one can explain Dirac nature of neutrinos in the context of
the DFSZ axion model. If we consider the model in Table I, there is no way to generate a ∆L = 2
1 For alternative solution to the strong CP problem connected with neutrino masses, see for instance [21–23].
2 Following the reasoning in [20] it can also be extended to more than one loop but this is not the scope of the
present manuscript.
3Fields/Symmetry Qi ui di Li li Hu Hd σ
SU(2)L × U(1)Y (2,1/6) (1,2/3) (1,-1/3) (2,-1/2) (1,-1) (2,-1/2) (2,1/2) (0,0)
U(1)PQ 1 -1 -1 1 -1 2 2 4
TABLE I: Quantum numbers in the DFSZ axion model.
operator at any order at the perturbative level. If we include the RH neutrino transforming as a
−1 as the rest of the RH fields, a Dirac mass is generated through the Yukawa coupling with the
Higgs, in such a case, the Yukawa Lagrangian is given by
LY = yuijQ¯iHuuj + yuijQ¯iHddj + ylijL¯iHdlj + yνijL¯iHuνRj + h.c. , (1)
in such a way that the Yukawa couplings yνij must be O(10−12) in order to account for the recent
KATRIN bound [35]. As was shown in [20], if the RH neutrino transforms as −5 the direct Yukawa
coupling is forbidden 3. The effective dimension-5 operator can be generated as follows
LDdim 5 = yνijL¯iHuνRj
σ
ΛUV
+ h.c. , (2)
where σ can be expressed as
σ(x) =
1√
2
(ρ(x) + fa) e
ia(x)/fa . (3)
Here, a(x) is the QCD axion [5, 6], fa is the PQ breaking scale and ρ(x) is the radial part that
will gain a mass of order of the PQ symmetry breaking scale.
As was pointed out previously, it can be easily UV completed through a type-I Dirac seesaw.
In the following sections we will give two other frameworks to UV complete such an operator.
2.1. Case-I: Type-II Dirac seesaw
Here we will consider a concrete example of an extension of the model in Table I by including
the RH neutrino transforming as −5 under the PQ symmetry and an extra SU(2)L doublet, Φu,
with PQ charge 6, see Table II. In this case there are terms in the potential of the form
V ∼ κHuHdσ∗ + λ′HdΦuσ∗2 , (4)
where the couplings κ and λ′ are dimensionful and dimensionless, respectively. Now, by inspecting
the PQ charge assignments of different fields content as given in Table II, we notice that there is
no way to form the dimension-5 Weinberg operator for the light neutrino masses, nor any other
3 A charge of +3 is also possible but in that case a Dirac mass is generated by the H˜d field.
4operator with powers of σ and or powers of Hu, Hd and Φu. We first write down the possible
dimension-5 Weinberg operators in the presence of Higgs doublets
Operator PQ charge
Ldim 5 ∼

LLH˜uH˜u
ΛUV
LLH˜uHd
ΛUV
LLHdHd
ΛUV
LLΦ˜uΦ˜u
ΛUV
LLH˜uΦ˜u
ΛUV
LLHdΦ˜u
ΛUV
1 + 1 + (−4) = −2
1 + 1 + (0) = +2
1 + 1 + (4) = +6
1 + 1 + (−12) = −10
1 + 1 + (−8) = −6
1 + 1 + (−4) = −2 .
(5)
It is apparent from Eq. (5) that none of these operators are invariant under the PQ symmetry.
Moreover, notice that all these operators transform as m mod(4) = 2 under PQ. Hence, from
Eq. (5), there is no way to construct an operator invariant under U(1)PQ and the SM symmetries
simultaneously. We further realize that this argument also extends to all the higher order effective
operators that could potentially generate Majorana neutrino masses. In the following, we give all
possible gauge invariant contractions of the scalar fields and their PQ charges:
σn (4n); (σ∗)n (−4n);
(HuHd)
n (4n); (HuHd)
∗n (−4n);
(H†uHu)n (0); (H
†
dHd)
n (0);
(H†uΦu)n (4n); (H
†
uΦu)
∗n (−4n);
(HdΦu)
n (8n); (HdΦu)
∗n (−8n);
(Φ†uΦu)n (0);
(6)
where as we can see, all these contractions (and their combinations) are 0 or multiples of 4 under
PQ symmetry. Therefore, there is no way to make a combination of operators on Eqs. (5) and (6)
invariant under PQ symmetry and hence, neutrinos must be Dirac particles.
The relevant part of Yukawa Lagrangian that generates Dirac neutrino masses is given by
LY ⊃ yνijνLiΦuνRj + µHuΦ†uσ + h.c. (7)
The scalar potential of the model contains the term µ2ΦΦ
†
uΦu, which in the small scalar mixing
limit sets the mass scale for a heavy scalar Φ′, composed mostly of Φu. That is to say, the scalar
particles of the model mix through a unitary matrix K into a mass eigenstate basis as
φi = KijSj , (8)
5Hu(2) σ(4)
L(1) νR(−5)
Φu(6)
FIG. 1: Feynman diagram for Dirac neutrino masses in Type-II DFSZ scenario.
Symmetry/Fields Li νRi Hu Hd σ Φu
SU(2)L × U(1)Y (2, -1/2) (1, 1) (2, -1/2) (2, 1/2) (0, 0) (2, -1/2)
U(1)PQ 1 -5 2 2 4 6
TABLE II: Fields content and transformation properties under PQ symmetry in type-II seesaw framework.
where φ are the real neutral components of the scalars Hu, Hd, Φu and σ. We consider the limit
where one of the mass eigenstates is mostly composed of Φu, with a mass M
2
Φu
>> v2u. The largest
contribution to the mixing between Φu and other fields is the µ term of Eq. (7), the large vev of σ
can induce a large mixing between Hu and Φu. This mixing can raise the mass of one of the light
eigenstates above the EW scale, excluding the possibility that the scalar which is predominantly
Hu is the 125 GeV Higgs boson. At leading order the mixing between these fields goes as
sin θ ∼ µfa
M2Φu
. (9)
Therefore, the smallness of θ demands µfa << M
2
Φu
. This condition is similar to the fine-tuning
of κ in Eq. (4), needed to separate the PQ scale from the EW scale, as mentioned in [18].
Furthermore, the fine-tuning of these parameters has been shown to be stable under radiative
corrections once stablized at the tree-level [36]. The neutrino masses resulting from the breaking
of the SU(2)L × U(1)Y and U(1)PQ symmetries by the scalar vevs 〈Hu〉 = vu and 〈σ〉 = fa are
(mν)ij = y
ν
ij
µvufa
M2Φu
∼ yνijvu sin θ , (10)
where in the last term we have used Eq. (9).
In the type-I Dirac seesaw scenario, as pointed out in [20], a large hierarchy among the PQ
scale and the mediator scale is needed in order to explain the tiny neutrino masses. However,
here the dependency is on the inverse squared mass. This suggests that a smaller mass hierarchy
than in the type-I seesaw [20] may be allowed. As can be seen from Eq. (10), the smallness of
neutrino mass is required by the smallness of the scalar mixing angle θ. The measurement of the
tritium beta decay spectrum at KATRIN [35] currently yields a direct limit for neutrino masses
of mν < 1.1 eV at 90% C.L. , while the indirect limit from Cosmological measurements [37–39]
constrains them further to
∑
mν < 0.12 eV (at 95 % confidence level using TT, TE, EE + lowE
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FIG. 2: Exclusion region plots (colored regions are excluded) in (MΦu − fa) plane for a type-II Dirac seesaw
mechanism. Three benchmark values for µy = 1GeV, 1MeV, 1keV have been adopted, respectively. The plots are
presented by using the limits on neutrino mass from KATRIN [35] which gives mν < 1.1 eV at 90% C.L. (left
panel) and Planck [39]
∑
mν < 0.12 eV (at 95 % confidence level using TT, TE, EE + lowE + lensing + BAO)
(right panel).
+ lensing + BAO). The bounds of tritium beta decay and cosmology are translated into bands for
the allowed scales for fa and Mφ as shown in Fig. 2.
2.2. Case-II: One-loop Dirac seesaw
In this section, we discuss a one-loop mechanism to UV complete the effective coupling of
Eq. (2). A detailed discussion of all the possible topologies to explain Dirac neutrino masses
with four external lines was outlined in [40]. In what follows, we consider the most economical
scenarios for the dimension-5 operator which can lead to Dirac neutrino masses. All the necessary
fields carry SM ⊗ PQ charges are presented in Table (III). Under this assignment of PQ charges,
and the subsequent spontaneous symmetry breaking, the residual symmetry is Z2. Note that the
leptons, quarks, ηu and ζ are odd under the Z2 residual symmetry. Stability is achieved for the
lightest odd scalar or for N by the interplay of Z2 and Lorentz invariance [41]
4. This stability
results in two scenarios with a multicomponent Dark Matter, a fraction Ωa composed by the axion,
and another fraction ΩWIMP composed by the stable WIMP, such that [39]
ΩCDMh
2(= 0.12) ≥ (Ωa + ΩWIMP)h2. (11)
While the relic density of WIMP dark matter is determined by the thermal freeze-out mechanism
and can be calculated from the parameters of the model, the density of axions is determined
from other production mechanisms such as the axion misalignment mechanism or from topological
defects of the axion field [42, 43]. The resulting relic density from these mechanisms is highly
4 We also provide an alternate loop model considering half-integral PQ charges for the particles running inside the
loop in appendix A. There dark matter stability is obtained under Z4 residual symmetry.
7Hu(2) σ(4)
L(1) NR(2) NL(2) νR(−5)
ηu(−1) ζ(7)
U(1)PQ Z2
Hu(+1) σ(+1)
L(−1) NR(+1) NL(+1) νR(−1)
ηu(−1) ζ(−1)
FIG. 3: Feynman diagram for Dirac neutrino masses in alternative one-loop DFSZ scenario. Here left panel
respects PQ charge assignment, whereas right panel respects the remnant ZPQ2 charge assignment that arises due
to PQ symmetry breaking.
dependent on the cosmological history of the axion field, and on the precise cosmological scenario
considered. An analysis of these mechanisms is beyond the scope of this work.
Symmetry/Fields Li νRi Hu Hd NR NL σ ηu ζ
SU(2)L × U(1)Y (2, -1/2) (1, 1) (2, -1/2) (2, 1/2) (1, 0) (1, 0) (1, 0) (2, -1/2) (1, 0)
U(1)PQ 1 -5 2 2 2 2 4 -1 7
ZPQ2 -1 -1 +1 +1 +1 +1 +1 -1 -1
TABLE III: Field content and transformation properties under PQ symmetry in the alternative one-loop
mechanism.
Now we write down the scalar potential that is allowed by the SM × U(1)PQ symmetries as
below,
V = µ2uH
†
uHu + λu(H
†
uHu)
2 + µ2ηuη
†
uηu + ληu(η
†
uηu)
2 (12)
+ µ2σσ
∗σ + λσ(σ∗σ)2 + µ2ζζ
∗ζ + λζ(ζ∗ζ)2
+ λ1uηu(H
†
uHu)(η
†
uηu) + λ
2
uηu(H
†
uηu)(η
†
uHu) + λuσ(H
†
uHu)(σ
∗σ)
+λuζ(H
†
uHu)(ζ
∗ζ) + ληuζ (η
†
uηu)(ζ
∗ζ) + ληuσ (η
†
uηu)(σ
∗σ) + λσζ (σ∗σ)(ζ∗ζ)
+κHuHdσ
∗ + λ1[Huη†uζ
∗σ + h.c.] .
Note that all the terms that are allowed for Hu are also allowed for Hd except for λ
2
uηu , λ1 terms,
which are not invariant under the SM gauge group. After the electroweak symmetry breaking, the
SM Higgs doublet Hu acquires its vev vu. Then, considering the ηu − ζ mixing matrix, the mass
matrix for the neutral scalars in (η0u, ζ) basis can be written as
M =
(
µ2ηu + λuηuv
2
u + ληuσf
2
a λ1vufa
λ1vufa µ
2
ζ + λuζv
2
u + λσζf
2
a
)
. (13)
where fa is the PQ symmetry breaking scale and we used λuηu = λ
1
uηu + λ
2
uηu . We describe the
relevant part of Yukawa Lagrangian for the leptons as
LY ⊃ yνijLiηuNRj +MjkNRjNLk + yν′kiNLkνRiζ + h.c. (14)
8The neutrino mass obtained from the one-loop diagram in Fig. 4 is given by [34, 44]
mijν =
1
64pi2
∑
X=R,I
λ1vufa
m2SX2
−m2SX1
∑
k
yiky′kjmNk
[
F
(
m2SX2
m2Ni
)
− F
(
m2SX1
m2Ni
)]
, (15)
where F (x) = x log(x)/(x − 1) and SRi/Ii (for i = 1, 2) denote the CP even and odd mass scalar
eigenstates, obtained from the ηu − ζ mixing. For the fermionic WIMP case, considering m2S1 ∼
m2S2 = m
2
S >> λ1favu , and subsequently in the mNlight << mS limit, the neutrino mass matrix
can be expressed as
mijν ∼
λ1vufa
32pi2
∑
k
yiky′kj
mNk
m2S
. (16)
To find dark sector scalar masses i.e., the mass eigenvalues of Eq. (13), we make a simple numerical
estimation. We take vu ∼ 100 GeV, fa ∼ 1012 GeV and λ1 = 10−7 in our calculation. We write
down M as
M =
(
1024 + 10−5 × 104 − 10−4 × 1024 10−7 × 102 × 1012
∗ 1020 + 0.92× 104 − 10−4 × 1024
)
[GeV2] . (17)
For simplicity, we assume ληuσ = λσζ . We also consider µηu = 10
12 GeV, µζ = 10
10 GeV together
with λuηu = 10
−5, λuζ = 0.92 and ληuσ = −10−4. Diagonalization of Eq. (17) leads to the lightest
DM ofO(130) GeV, whereas the heaviest DM came out as ∼ 1012 GeV for the given set of numerical
values. Now, considering these numerical values and using them in Eq. (16), one estimates O(1)
eV active neutrino masses as follows:
mijν ∼ 1eV
(
λ1
10−7
)( vu
102GeV
)( fa
1012GeV
)( y
10−7
)( y′
0.82
)( mNk
130GeV
)((280GeV)2
m2S
)
. (18)
As we are considering a small left-handed lepton-dark sector coupling to avoid saturating the
limits on Lepton Flavor violating processes, the dark matter relic density can be determined by
annihilation of N into right handed neutrinos. This process is absent from the Majorana neutrino
Scotogenic model, and its thermally averaged cross section 〈σv〉 is given by [45]
σ × vrel = y
′4
32pi2
m2Nk
(m2S +m
2
Nk
)2
. (19)
Notice here that we are considering the annihilation channel NN → νν mediated by the dark
sector singlet scalar, in the small scalar mixing limit. To have a simple numerical estimation, we
take y′ = 0.82,mS = 280 GeV, and mNk = 130 GeV, which then leads to σ × vrel ' 1 pb and
hence one finds the observed Ωh2 ' 0.12 [39]. Thus in this case the axion plays no role in the
dark matter relic density. Alternatively, by setting the Yukawa coupling y′ ∼ 1 lowers the relic
density contribution of N to a quarter of the total dark matter relic density, ΩN ∼ 0.4 ΩCDM .
The remaining fraction of dark matter density may come from the axion relic density. Therefore
9we find that this model can accommodate axions as a negligible, or dominant form of dark matter.
Alternatively, considering the scalar WIMP Dark Matter case mS << mNk , we find
mijν ∼
λ1vufa
32pi2
∑
k
yiky′kj
mNK
[
log
(
m2Nk
m2S
)
− 1
]
. (20)
We find O(1) eV order masses for neutrinos by setting λ1 ∼ 10−5, vu ∼ 102 GeV, fa ∼ 1012 GeV,
y ∼ 10−5, y′ ∼ 10−4, mN ∼ 108 GeV and mS ∼ 1 TeV. Here, the DM is a mixture of a electroweak
doublet and a singlet, as in [46]. Two limiting cases are found in the small mixing regime, when
DM is mostly composed of ηu or of ζ. The mixings between ηu and ζ are given, at leading order
by
sin 2θX ∼ λ1vufa
m2SX2
−m2SX1
. (21)
We can obtain a ∼ TeV scale eigenstate from this mixing using the following assignment of pa-
rameters in Eq. (13): λuηu = λuζ , λζσ = 10
−14ληuσ, µηu = 1012 GeV, µζ = 106 GeV together with
λuηu = 1 and ληuσ = −10−4. When the lightest dark scalar is mostly a gauge singlet, Slight ≈ ζ,
the annihilation channel for thermal production is through the scalar couplings in the potential
[47, 48]. This means that the annihilation processes SlightSlight → SM SM that determine the relic
abundance of Slight are mediated by scalar channels.
For example, the SlightSlight → hh annihilation channel contribution to 〈σv〉 is given by [47]
〈σv〉hh =
λ2uζ
64pim2S
(
1− m
2
h
m2S
)1/2
, (22)
where h is the 125 GeV SM Higgs. The additional annihilation channels into the SM fermions and
gauge bosons are also controlled by λuζ . A scalar coupling λuζ of order O(10−1) is required to
account for ΩSh
2 ∼ 0.12 at a scalar WIMP mass mS of 1 TeV [49]. A scalar coupling λuζ ∼ 0.2 5
yields a relic density of Slight approximately forty percent of the total dark matter density, leaving
the axion as the dominant component.
When the lightest dark scalar is mostly a doublet, Slight ≈ ηu, additional channels mediated by
gauge couplings appear. Masses of O(1) TeV are compatible with the relic density and direct
detection constraints, using the quartic scalar couplings with the SM Higgs of order O(0.1) [51,
52]. Given the possibility of having mixed dark matter in the model, a major difference of this
model with “pure” models is that the lower relic density of the WIMP DM candidate needed to
acommodate the axion requires larger couplings to the SM. This results in a larger direct detection
signals for their relatively smaller densities. For example, the DM direct detection experiments [53]
constrain only the WIMP component of DM, while the axion detection experiments [54] constrain
the axion component. On the other hand, the decreased abundance of the WIMP component
5 While a λuζ ∼ 0.2 coupling would saturate the direct detection limit from XENON1T [50] at ΩSlight = ΩCDM ,
the diminished contribution of S to the dark matter density relaxes this bound.
10
of DM necessitates larger couplings for it to augment the annihilation cross section. This same
couplings are involved in Lepton Flavor Violating (LFV) processes, such as the µ → eγ decay,
which are strongly constrained. In this model, the additional interaction with νR may be exploited
to enhance the annihilation rate while keeping the LFV inducing couplings low. For example, the
µ→ eγ branching ratio is given by [55]
Br(µ→ eγ) = 3αemBr(µ→ eν¯eνµ)
64piG2Fm
4
η+
∣∣∣∣∣∑
k
yeky
∗
µkG
(
M2Nk
m2
η+
)∣∣∣∣∣
2
, (23)
where GF is the Fermi constant, αem is the fine structure constant and η
+ is the charged scalar
from the ηu doublet. The loop function G(x) is defined by
G(x) =
1− 6x+ 3x2 + 2x3 − 6x2 lnx
6(1− x)4 . (24)
In the fermionic WIMP case, using the parameters we have provided in Eq. (18) and assuming
m+η ∼ mS1 we obtain a branching ratio of the µ → eγ decay of order ∼ 10−33, well below the
experimental bound Br(µ→ eγ) ≤ 4.2×10−13 [56]. The new annihilation channel of the fermionic
WIMP dark matter can result in an increased production of right handed neutrinos in the early
Universe, which may oversaturate the effective number of relativistic degrees of freedom, Neff [57].
This may disfavour the fermionic DM case.
3. SUMMARY
We have discussed the DFSZ model where neutrinos are Dirac particles due to the PQ symme-
try [20]. In this context, we propose two different scenarios to generate naturally small effective
Yukawa coupling for neutrinos. In order to explain the smallness of the Yukawa coupling, the tree-
level coupling is forbidden by the PQ symmetry while an effective dimension-5 operator with the
PQ field is allowed. This means that the Dirac neutrino mass is proportional to the PQ breaking
scale. The first scenario is based on the Type-II Dirac seesaw where an extra heavy SU(2)L dou-
blet allows Dirac neutrino mass when acquires a small vev once the PQ and the EW symmetry are
broken. We summarize our results for this scenario in Fig. 2, considering the latest KATRIN [35]
and the Planck data [39]. These constraints set limits on the PQ breaking scale fa and the mass
of the heavy scalar.
We also discuss the UV completion of the dimension-5 operator at one-loop level. In this context
once the PQ is broken, a residual Z2 symmetry remains. The SM fermions are odd while the scalars
are even, making the lightest field inside the loop stable by means of the residual Z2 and Lorentz
invariance giving a potential DM candidate. This residual symmetry is crucial, otherwise the the
scalar particles inside the loop (odd under Z2) acquire a vev, and the loop would be a correction
to the type-I Dirac seesaw. Therefore, in this scenario we have a potentially rich phenomenology
with two dark matter components, a stable WIMP running inside the neutrino mass loop and the
axion. We have also discussed what are the parameters of such a dark sector in order to avoid an
11
Hu(2) σ(4)
L(1) NR(1/2) NL(1/2) νR(−5)
ηu(1/2) ζ(11/2)
U(1)PQ Z4
Hu(1) σ(1)
L(ω2) NR(ω) NL(ω) νR(ω
2)
ηu(ω) ζ(ω
3)
FIG. 4: Feynman diagram for Dirac neutrino masses in one-loop DFSZ scenario. Here left panel respects PQ
charge assignment, whereas right panel respects remnant ZPQ4 charge assignment, arises due to PQ symmetry
breaking.
overclosed Universe. It is worth mentioning that in both cases, the UV scale is more relaxed that
in the type-I case [20], where the KATRIN neutrino bound set it to be O(MGUT )−O(MPLANCK).
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Appendix A: An Alternate Loop Model
In this appendix we present an alternate loop model to generate Dirac neutrino mass. The
SM ⊗ PQ charges of all the necessary fields are presented in Table IV.
Symmetry/Fields Li νRi Hu Hd NR NL σ ηu ζ
SU(2)L × U(1)Y (2, -1/2) (1, 1) (2, -1/2) (2, 1/2) (1, 0) (1, 0) (1, 0) (2, -1/2) (1, 0)
U(1)PQ 1 -5 2 2 1/2 1/2 4 1/2 11/2
TABLE IV: Fields content and transformation properties under PQ symmetry in the one-loop mechanism.
In this case, the vevs of σ, Hu and Hd break the PQ symmetry into a Z4 symmetry. The fields’
transformation rules are given in Table V. Here, the particles inside the loop are automatically
stable [41].
We notice from the right panel of Fig. (4) that all the particles inside the loop carry Z4 odd
charges, whereas the SM particles are even under Z4. Therefore, one can see that any combination
12
Symmetry/Fields Li νRi Hu Hd NR NL σ ηu ζ
SU(2)L × U(1)Y (2, -1/2) (1, 1) (2, -1/2) (2, 1/2) (1, 0) (1, 0) (1, 0) (2, -1/2) (1, 0)
ZPQ4 ω
2 ω2 1 1 ω ω 1 ω ω3
TABLE V: Fields content and transformation properties under PQ symmetry in the one-loop mechanism.
of SM fields will be even under the Z4 charges. Further forbidding all effective operators to dark
matter decay.
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